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Systems of photonic crystal cavities coupled to quantum dots are a promising architecture for quantum 
networking and quantum simulators. The ability to independently tune the frequencies of laterally separated 
quantum dots is a crucial component of such a scheme. Here, we demonstrate independent tuning of laterally 
separated quantum dots in photonic crystal cavities coupled by in-plane waveguides by implanting lines of 
protons which serve to electrically isolate different sections of a diode structure. 



Quantum dots coupled to optical microcavities rep- 
resent a viable candidate for integrated quantum infor- 
mation technologies such as single photon sources and 
quantum memory /repeater networks^ ^. A long-term 
goal would be to combine on a single chip multiple cav- 
ities, each one embedding a single emitter, and connect 
them through waveguides. Such a system would be a 
basic building block for a scalable quantum information 
processing architecture, allowing the implementation of 
multi-atom entangled states via photon manipulatioiPHD. 
Furthermore, coupled cavity arrays have been proposed 
as a quantum simulation tool to investigate the dynamics 
of quantum many-body systems, originally encountered 
in condensed-matter physics (like the Bose-Hubbard or 
Heisenberg models]!^. 

Photonic crystals are ideal platforms for such a sys- 
tem because defect cavities can easily be integrated 
with waveguides in the same planar photonic lattice 
structures^ Coupling between the cavities and waveg- 
uides can be turned off and on relatively easily by, for 
instance, modifying the local refractive index in a waveg- 
uide region via a localized intense laser puls^^. 
A significant barrier to practical implementation of cou- 
pled cavity-quantum dots systems is, however, the pos- 
sibility to independently tune the quantum dot wave- 
lengths in different cavity regions. Because of the large 
quantum dot ensemble frequency spread of self-assembled 
InGaAs quantum dots during the growth process, inde- 
pendent frequency control of spatially separated quan- 
tum dots is a vital tool. Currently existing methods 
designed to independently tune different quantum dots 
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have significant limitations. Temperature tuning via lo- 
cal heating^^ requires large distances between the QDs 
for thermal separation and tends to degrade the quantum 
dot optical quality at high temperature. Lateral electric 
field tuning of quantum dots in Schottky diode devices 
has also been studied^^, but lateral electric fields provide 
limited QD emission frequency tuning ranges and do not 
allow for control of the QD charging states. An ideal 
tuning mechanism would be all-electrical in implementa- 
tion and have the flexibility to address quantum dots on 
any area of the chip with only a small modification of the 
standard fabrication process. 

Here, we demonstrate such a mechanism, by implant- 
ing protons in a localized area which electrically isolates 
regions of quantum dots embedded in a diode struc- 
ture. Ion or proton implantation is used in semiconduc- 
tor processing as an isolating technique, since it causes 
free carrier compensation in a doped semiconductor layer 
through either irradiation-induced damage or chemically- 
related deep levels^^. We show that quantum dots in 
two spatially-separated waveguide-coupled cavities can 
be tuned independently, and we also demonstrate that 
the cavities are optically coupled by pumping one and 
detecting emission in the other. Our tuning mechanism 
is robust and scalable, and could be used to indepen- 
dently tune quantum dots laterally separated by as little 
as 3 jim. 

Our sample consists of a 180 nm GaAs membrane 
grown by molecular beam epitaxy on top of a 0.92 /xm 
Alo.7Gao.3As sacrificial layer on a GaAs substrate. The 
Ino.4Gao.6As quantum dot layer is grown in the center 
of the GaAs membrane by depositing 10 periods of 0.55 
A of InAs and 1.2 A of Ino.13Gao.87As. We used a p-i-n 
diode design by growing doped layers within the mem- 
brane: 30 nm thick p-doped (2 x 10^^/cm^) and n-doped 
(2 X 10^^/cm^) GaAs layers are grown as the top and 
bottom layers of the GaAs membrane, respectively. As 
shown in Fig. [ij a thin n-doped layer is introduced below 
the top p-doped layer, which reduces the electric field 
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across the quantum dot by flattening the band struc- 
ture. In this modifled structure, quantum dot emission 
is visible al lower voltages than in a simple p-i-n diode 
structure. 



proton implant region 




GaAs substrate 



FIG. 1. Left: SEM image of the two n- and p-contact pads 
with the proton implant region and photonic crystal devices in 
between (labeled). Top right: SEM image of one of the pho- 
tonic crystal devices. The proton implant region is clearly 
visible as a dark strip through the center of the device. Bot- 
tom right: schematic of the layer structure for the proton 
implant sample. 



We fabricated two sets of electrical contacts in order to 
test the proton implant isolation barrier and independent 
tuning scheme. Because the doped layers are very thin, 
the sample must be etched to nanometer accuracy to 
make good electrical contacts to the buried n-doped layer. 
We use a citric acid/H2 02 etch to expose the n-doped 
layer. The n-contact metal consists of Ni/AuGe/Ni/Au 
which is evaporated and annealed. The p-contact metal 
is evaporated Ti/Pt/Au. After the contacts are deflned, 
we deposit 200 nm of Si3N4 on the sample to protect 
the surface during the proton implant procedure and to 
maximize the number of protons delivered to the p-doped 
layer at the speciflc calculated implant energy. We then 
perform a flnal photolithography step to expose the areas 
in which the proton implant isolating barriers will be cre- 
ated. We deflned strips of 1 and 2 jam width in between 
the two sets of electrical contacts, while the rest of the 
sample area remained protected by photoresist. To effec- 
tively remove the carriers in the p-doped layer, the proton 
implant dose and energy are calculated using the TRIM 
(Transport of Ions in Matter) simulatoi^^. We performed 
a proton implantation using a dose of 5 x 10^^ cm~^ and 
implant energy of 35 keV in order to electrically isolate 
the two sets of contacts. 

After proton implantation, we fabricated columns of 
photonic crystal devices across the proton implantation 
region, using a standard electron beam lithography pro- 
cess, followed by reactive ion etching to deflne the pattern 
in the membrane and a HF undercut etch to remove the 
sacriflcial layer. The sample layout is shown in Fig. [l] 
Our photonic crystal devices consisted of two L3-type 
defect cavities separated by approximately 7.5 jam with 



a waveguide in between, similar to the devices studied 
by A. Faraon et al^. The proton implant region cuts 
through the approximate center of the waveguide in or- 
der to electrically isolate the two cavities. 

The sample was mounted in a He-flow cryostat and 
pumped by a laser at 830 nm in a standard photolu- 
minescence setup. The emission was collected through 
the same microscope objective and coupled into a sin- 
gle mode flber for spatial selectivity. The output of the 
single mode flber was sent through a spectrometer and 
detected on a CCD. We tested the tuning mechanism by 
keeping one side of the device at a constant voltage and 
scanning the voltage across the other side of the device. 
We pumped and monitored the emission from each of 
the two cavities, taking four scans in total. The results 
are shown in Fig. [2j There were many dots in the cav- 
ity region for this particular device. When the voltage 
was scanned across the detected cavity, clear Stark shift 
tuning of the quantum dot emission lines was observed 
over 2 nm range; when the voltage was scanned across 
the opposite side of the device, the spectrum showed no 
voltage dependence. The same was true for all measured 
devices, proving that the proton implantation served to 
completely electrically isolate the two contact regions. 
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FIG. 2. Each of the two cavity regions is monitored separately 
as the voltage is scanned on either the emission cavity or 
the opposite cavity, (a) The voltage is scanned across the 
left set of contacts while the emission from the left cavity is 
monitored. Clear tuning of quantum dot lines is visible, (b) 
The voltage is scanned across the right set of contacts while 
the emission from the left cavity is monitored. No tuning 
is visible, (c) The voltage is scanned across the left set of 
contacts while the emission from the right cavity is monitored. 
No tuning is visible, (d) The voltage is scanned across the 
right set of contacts while the emission from the right cavity 
is monitored. Clear tuning of quantum dot lines is visible. 
Each spectrum in (a)-(d) is normalized to itself so that the 
maximum intensity remains constant across each scan. 

In order to probe the coupling between the two 
waveguide-separated cavities, we performed a series of 
spatial scans on the sample. We modifled our photolu- 
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minescence setup by mounting a dichroic mirror which 
reflected the pump wavelength and transmitted the cav- 
ity mode wavelength immediately in front of the input to 
the microscope objective. The dichroic mirror's tip and 
tilt axes were controlled by motorized actuators. This 
allowed us to controllably tilt the pump beam relative to 
the input of the microscope objective, thereby spatially 
separating the pump and collection locations on the sam- 
ple. We kept the collection location constant on one of 
the cavities and scanned the pump beam around the en- 
tire 2D plane of the photonic crystal device while taking 
photoluminescence spectra. In this way, we were able 
to map out the cavity emission as a function of pump 
position. 

The results for three different devices are shown in Fig. 
[3j with the color map scale set by the log of the intensity 
at the resonant frequency of the left cavity mode. The 
three scans display similar characteristics. Each has a 
bright peak on the left side which corresponds to pump- 
ing and collecting light from the left cavity. Each also has 
a secondary, weaker peak on the right side which corre- 
sponds to pumping the right cavity and collecting light 
from the left cavity. However, the relative intensities of 
the two peaks are different in the three scans. The scans 
in [sj^a) and (b) are of devices in which the two cavity 
mode frequencies are spaced by less than the linewidths 
of the cavity modes. The scan in [sj^c) is of a device in 
which the cavity mode frequencies are spaced by much 
more than the linewidths of the cavity modes. InlsFa), 
the peak intensity in the secondary bright spot is 7% of 
the peak intensity in the primary bright spot. Injsj^b), 
the peak intensity ratio is 2% whereas in |3|c) the peak 
intensity ratio is only 0.2%. 
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FIG. 3. (a)-(c) Spatial maps of the emission from the left 
cavity of three different devices at the left cavity resonant 
wavelength as a function of pump position on the sample. 
The color scale corresponds to log of intensity, (a) and (b) 
are scans of cavities in which the cavity mode resonant wave- 
lengths are spaced by less than their linewidths. (c) is a scan 
of a cavity with the two cavity mode wavelengths spaced by 
more than their linewidths. 

The coupling between the cavities could be optimized 
in future designs. For example, the geometry of the struc- 
ture could be altered by changing the cavity-waveguide 
angle or optimizing the length of the waveguide. In ad- 
dition, reducing the size of the holes immediately next to 
the waveguide could improve the coupling efficiency by 
ensuring that the coupling occurs in the dispersion-free 
linear region of the waveguide bancff^. 
In order to have sufficiently strong coupling between each 
emitter and its cavity, the emitter must be precisely lo- 



cated in a spatial maximum of a cavity mode field in- 
tensity. This could be done by positionin g ea ch cavity 
around a randomly nucleated quantum dolP^. Alterna- 
tively, one could grow regular arrays of site-controlled 
quantum dots^^, by defining nanoholes as nucleation cen- 
ters, and align the coupled cavities to waveguides on the 
array. 

In conclusion, we have demonstrated a technique for 
independently tuning laterally separated quantum dots. 
Our method can be integrated into current fabrication 
processes with only two additional fabrication steps and 
can be used to independently tune dots that are later- 
ally separated by as little as 2-3 jam. In addition, we 
have used this method to demonstrate independent tun- 
ing of quantum dots in photonic crystal cavities. We have 
shown that the cavities themselves are coupled through a 
waveguide by performing spatial scanning measurements. 
This method holds promise as an important component 
of a scalable photonic crystal-based quantum informa- 
tion architecture and for the implementation of quantum 
simulators based on coupled cavities. 
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